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The Helium Reionization Epoch 



What to look forward to… 

Efficient simulations of large-scale structure 

Background material 

Fluctuations in the He-ionizing background 

Interpreting the HeII observations 



Why care about  
helium reionization? 

Plenty of helium  

~Doubles the IGM temperature 

Increases mean free path of   
EUV photons 

Learn about quasars 

NASA/ESA/A. Feild (STScI) 



The advantages                              
of helium 

The action is lower redshift 

Better understanding of IGM 

Know more about quasars 

COS to directly observe 
this epoch 

NASA/ESA/A. Feild (STScI) 



Sources + environment  
 = no problem, right? 

The advantages                              
of helium 

The action is lower redshift 

Better understanding of IGM 

Know more about quasars 

COS to directly observe 
this epoch 



Quasars live in ~1012 M¤ halos 

Fanidakis et al (2013) 

See also 
observations 
 
 



How much light? 

Hopkins et al (2007) 

12 Hopkins et al.
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FIG. 7.— As Figure 6, but at higher redshifts, as labeled.

the double power-law of Equation (6), we consider a modified
Schechter function

φ(L) = φ∗ (L/L∗)−γ1 exp
{

−
( L

L∗

)γ2}

. (21)

We have also, for example, adopted polynomials of arbitrar-
ily high order (although the fits typically do not improve be-
yond fourth order). In either case, the fit is quite similar at
most luminosities (with similar χ2/ν), implying that there is
no dramatic shape dependence which we have not captured.
However, such a fit does exhibit smoother curvature rather
than a sharp break at L∗, evidence for which has been seen in
some optical samples (e.g., Wolf et al. 2003; Richards et al.
2005). At the highest luminosities (! 1 dex above L∗, typi-
cally Lbol ! 1014L") the implied number of quasars is an or-
der of magnitude lower for these parameterizations than for
the double power law prediction, and falls much more rapidly.
The resulting observed luminosity functions are more sensi-
tive to the estimated dispersion in bolometric corrections, but
in either case the highest luminosity soft and hard X-ray ob-
jects in Figures 6 & 7 are substantially affected by quasars
shifting into slightly larger bins of soft or hard X-ray lumi-
nosity owing to different spectral shapes (e.g. the scatter in
αox). It is important to account for this effect when attempt-
ing to infer the number density of the most massive black

holes and most luminous quasars, as a naive extrapolation of
the median bolometric corrections applied to the most X-ray
bright quasars implies extreme (and potentially unphysical)
bolometric luminosities! 1015L" (i.e. a! 3×1010M" black
hole at the Eddington rate). Multiwavelength observations
of these particular objects and further study from large area
surveys which do not have to bin in widely spaced luminos-
ity intervals will be critical in breaking the degeneracies be-
tween these fits to the intrinsic bolometric QLF and the double
power-law form.
We are unable to find any further dependences which sig-

nificantly improve the best-fit QLF. Allowing the parameters
describing the observed column density distribution and spec-
tral shape, and their respective luminosity dependence, to vary
simultaneously, yields only marginal improvement. It appears
that the remaining scatter in the data does not mostly owe to
a failure to capture some remaining dependence. In Table 1
we list the χ2/ν for each sample with respect to the best-fit
full model of the evolution of the QLF in Table 3. The agree-
ment with most samples is good, and the largest, most well-
constrained samples (with small typical" 0.1dex errorbars)
give χ2/ν " 3, in each case comparable to or smaller than
the reduced χ2 found by the respective authors in fits to those
individual data sets. To the extent that the functional forms
adopted by these authors cannot reduce the variance below



Quasars have range of α 

Telfer et al (2002) 

Exact shape of 
power law? 
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FIG. 11.ÈHistogram of EUV power-law indices in bins of 0.33 for 40
radio-loud and 39 radio-quiet QSOs. The means, medians, and rms devi-
ations of the distributions are listed in Table 3.

estimator for the error on the median (Babu 1992). The
means and medians of the distributions agree well with the
indices Ðtted to the composites, which argues that the com-
posites are indeed representative of their constituent
spectra. A two-population Kolmogorov-Smirnov test
shows that the distribution of for the radio-loud andaEUVradio-quiet objects are di†erent with 98.6% conÐdence.

The objects are plotted in the parameterredshift-aEUVspace in Figure 12, and likewise they are plotted in the
parameter space in Figure 13. To test ifluminosity-aEUVthere is any correlation between and either redshift oraEUVluminosity, we calculate the Spearman rank-order corre-

FIG. 12.ÈIndividual EUV power-law indices for all objects for which it
could be measured, plotted against redshift.

FIG. 13.ÈIndividual EUV power-law indices for all objects for which it
could be measured, plotted against monochromatic luminosity at 1100 A! .

lation coefficient r and its signiÐcance for each relation,
listed in Table 3. Only one relation, versus luminosityaEUVfor radio-loud objects, shows any evidence for a correlation,
and only marginally so, at the D90% conÐdence level. To
place limits on the possible range of any variation of aEUVwith redshift or luminosity for comparison with the liter-
ature, we Ðt versus log z and versus log L using aaEUV aEUVstandard least-squares linear regression. The best-Ðt slopes
and errors are also shown in Table 3. Consistent with the
rank-order correlation test, all of the slopes are consistent
with zero with the exception of versus log L for theaEUVradio-loud objects.

In Figures 12 and 13 we have labeled three objects that
are noteworthy for their extreme values of TheaEUV.
hardest EUV spectrum is that of HE 2347[4342 with an

of 0.56. The conspicuously hard UV spectrum, whichaEUVresults in HE 2347[4342 being quite bright far into the
EUV, has made this object a favorite for studying He II Lya
absorption in the IGM (Reimers et al. 1997 ; Kriss et al.
2001). Two other objects have quite soft EUV spectra, the
radio-loud QSO MC 1146]111 and the radio-quiet QSO
TON 34. As can be seen in Figure 13, MC 1146]111 is by
far the least luminous QSO for which we measure so itaEUV,
is perhaps not surprising that it is an outlier, particularly
given the suggestion of a luminosity dependence for radio-
loud objects. TON 34 is quite extreme, with a measured

of [5.29. The object appears quite normal in theaEUVoptical (Sargent, Steidel, & Boksenberg 1988). Data from
the International Ultraviolet Explorer seem to conÐrm this
continuum shape down to 2200 where the HST data end,A! ,
although it appears that the spectrum may Ñatten at shorter
wavelengths (Tripp, Bechtold, & Green 1994). We note that
the QSO UM 675 has a very similar continuum shape to
TON 34, although it did not quite meet our stipulated

TABLE 3

INDIVIDUAL OBJECT FITS

aEUV vs. log z aEUV vs. log L

GROUP N MEAN aEUV MEDIAN aEUV RMS r SigniÐcance Slope r SigniÐcance Slope

Radio-quiet . . . . . . 39 [1.61 ^ 0.14 [1.59 ^ 0.06 0.86 0.118 0.527 0.09 ^ 0.56 [0.004 0.017 [0.03 ^ 0.27
Radio-loud . . . . . . 40 [1.95 ^ 0.11 [1.95 ^ 0.12 0.66 [0.119 0.534 [0.33 ^ 0.66 0.271 0.909 0.63 ^ 0.27



Need the mean free path, which 
is difficult. See every other talk 
this week. 
 

How far does this light go? 



Efficient methods for large-scale 
structure and helium reionization 



Replace complexity with simplicity 

Cooray, Sheth (2002) 

(2) Filter halo using the excursion-set formalism 

(3) Adjust halo locations using their linear-order displacements 

(1) Create initial linear density and velocity fields 



Find the dark matter halos 

Adjust parameters to match    
N-body simulations at z = 3 

Based DexM for HI reionization 
Mesinger, Furlanetto (2007) 

Fast and efficient 



Find the ionization field 

Draw ionized  spheres around 
the halos 

Essentially, the number of 
ionizing photons > HeII atoms 

Flexibility to vary the ionizing-
source model  



Size of bubbles depends on number 
density of hosts 
xHeIII = 80% 

250 Mpc 

è 



As per earlier in my talk, we checked a 
few models 

Mhost 



Active quasars – empirical approach 

xHeIII = 80% 

Find the number of 
quasars from QLF 

Randomly sample QLF 
to get luminosity 

Place in random halo 
above mass threshold 

Hopkins et al. (2007) 



Active quasars – empirical approach 

xHeIII = 80% 

Find the number of 
quasars from QLF 

Randomly sample QLF 
to get luminosity 

Place in random halo 
above mass threshold 

Hopkins et al. (2007) 



Calculate the HeII 
photoionization rate distribution 



Calculating the photoionization rate 
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λmfp = 60 ν
νHeII
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Add up the specific intensity from each quasar, 
using a frequency-dependent mean free path 

J = Li
(4πr2i )i

∑ e−ri /λmfp



Calculating the photoionization rate 
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λmfp = 60 ν
νHeII
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Γ = 4π Jσ
hννmin
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∫ dν

Add up the specific intensity from each quasar, 
using a frequency-dependent mean free path 

Integrate the usual over all frequencies above νmin 

J = Li
(4πr2i )i

∑ e−ri /λmfp



Calculating the photoionization rate 

€ 

λmfp = 60 ν
νHeII
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Γ = 4π Jσ
hννmin

∞

∫ dν

Add up the specific intensity from each quasar, 
using a frequency-dependent mean free path 

Integrate the usual over all frequencies above νmin 

post-reionization: 

€ 

νmin = νHeII
during:    τ(νmin) = 1 

€ 

νmin > νHeII

J = Li
(4πr2i )i

∑ e−ri /λmfp



Photoionization rate distribution 

Post-reionization is 
narrow and nearly 
analytic 

Bimodal during 
reionization 

By xHeII = 0.50, low Γ 
from high-ν photons 
dominates 



Mean free path matters most 

Wide   è narrow: 
 
λmfp 15 è 80 

Maybe also QLF 

KD, Furlanetto, Mesinger (2013) 



Post-reionization 



80% ionized 



What can we learn from 
observations during this era? 

 HeII optical depth 



Not-so-recent COS measurements 



Large variations along LOS 



€ 

τ ∝Δ2Γ

€ 

τ eff = 2

Post-reionization 



80% ionized 

Significant spread 
post-reionization 

Substantial tail at 
high τ develops at 
lower xHeIII  

Low τ also more likely 



Scale matters! 



τ >> τavg above z ~ 2.7 

But also lower! 



Large τ unlikely post-reionization  

If <τ> = 2, 
 p(τ > 4) ~ 5% 
 post-reionization 

 p(τ > 4) ~ 14% 
 xHeII = 0.20 

Spread increases 
during reionization 

KD, Furlanetto (2013) 



Conclusions and summary 



Consensus forming for zreion ~ 2.8 

Post-reionization: 
Expect significant fluctuations in τ and Γ 

Large segments of low transmission unlikely 

During reionization: 
Greater fluctuations in τ and Γ 
High opacity measurements more likely 

Present and future: 
Many more COS lines of sight 
Other metal lines, proximity effect, heating… 


